Abstract: Loop Quantum gravity predicts that black holes evolve into white holes.
Abhay Ashtekar and Javier Olmedo at Penn State University, and Parampreet Singh at Louisiana State University have taken an interesting step towards answering this question [1] . They have shown that loop quantum gravity-tentative theory of quantum gravitypredicts that spacetime continues across the center of the hole into a new region that has the geometry of the interior of a white hole, and is located in the future of the black hole (see Fig 1) . A white hole is the time-reversed image of a black hole: in it, matter can only move outwards. The passage "across the center" into a future region is counterintuitive; it is possible thanks to the strong distortion of the spacetime geometry inside the hole allowed by general relativity.
This result supports a scenario currently under investigation by several research groups: the future of all black holes may be to convert into a real white hole, from which the matter that fell inside can bounce out [2] . The fact that loop quantum gravity manages to show that the bounce happens is an indication that this theory has matured enough to tackle real-world situations.
***
The reason why we are in the dark about aspects of black hole physics is that quantum phenomena dominate at the center and in the future of these objects. Classical general relativity predicts that a black hole lives forever and its center is a "singularity" where space and time end. Both these predictions are un-realistic, because they disregard quantum effects. To correct them we need a quantum theory of gravity. There is no consensus on such a theory, but we have candidates, some of which are now reaching the point of allowing actual calculations on the quantum behavior of black holes. Loop quantum gravity, with its clean conceptual structure and well-defined mathematical formulation, is one such theory.
During the last years, a number of research groups have applied loop theory to explore the evolution of black holes [3] [4] [5] [6] . These efforts have lead to a compelling picture, based on a black-to-white-hole transition scenario that can be summarized as follows [2] . At the center, space and time do not end into a singularity, but continue across a short transition region where the Einstein equations are violated by quantum effects. From this region, space and time emerge with the structure of a white hole interior, a possibility already suggested in the 1930s by John Lighton Synge [7] . As the hole's interior evolves, its external surface, or "horizon," slowly shrinks due to the emission of Hawking radiation-a phenomenon first described by Stephen Hawking. This shrinkage continues until the horizon reaches the Planck size (the characteristic scale of quantum gravity), or earlier [8, 9] , when a quantum transition ("quantum tunneling") happens at the horizon, turning it into the horizon of a white hole (see Fig 2) . Thanks to the peculiar distorted relativistic geometry, the white hole interior born at the center is joined to the white horizon, completing the formation of the white hole. Remarkably, a part from the rapid quantum transition at the center and on the horizon, the rest of the spacetime geometry is an exact solution of the classical Einstein equations [9] .
Loosely speaking, the full phenomenon is analogous to the bouncing of a ball. A ball falls to the ground, bounces, and then moves up. The motion after the bounce is the timereversed version of the falling ball. Similarly, a black hole "bounces" and emerges as its time reversed version-a white hole. Collapsing matter does not disappear at the center: it bounces up through the white hole. Energy and information that fell into the black hole emerge from the white hole. The configuration where the compression is maximal, which separates the black hole from the white hole, is called a "Planck star" [8] .
Because of the huge time distortion allowed by relativity, the time for the process to happen can be short (microseconds) measured from inside the hole, but long (billions of *** This is a compelling picture. It removes the singularity at a black hole's center and also resolves the paradox of the apparent disappearance of energy and information into a black hole. (For this, one must also realise that, contrary to a trendy assumption, the interior of a black hole can have many possible states-indistinguishable from the exterior as long as as a trapping horizon holds-even if its horizon is small [10] .) Ashtekar, Olmedo and Singh have shown that a crucial ingredient of this scenario, the transition at the center, follows from a genuine quantum gravity theory, namely loop theory. The basic idea that has lead to this result [3] is to use an approximation of the full loop-quantum-gravity equations similar to the one employed in previous work aimed at resolving the Big Bang singularity [11] .
The Ashtekar-Olmedo-Singh model addresses only the transition at the center of the hole. To complete the picture, we also need the calculation of the tunneling at the horizon [2] . Preliminary steps in this direction have been taken [12, 13] , but the problem is open. Its solution would lead to a complete understanding of the quantum physics of black holes.
It is not implausible that empirical observations could support this scenario. Several observed astrophysical phenomena could be related to the black-to-white hole transition [14] . Among these are Fast Radio Bursts (FRBs) and certain high-energy cosmic rays [15] . Both could be produced by matter and photons that were trapped in black holes produced in the early universe and liberated by the black-to-white transition. For the moment, however, the astrophysical data are insufficient to determine whether the statistical properties of observed FRBs and cosmic rays confirm this hypothesis . Another intriguing possibility is that small holes produced by the black-to-white transition may be stable: in which case these "remnants" could be a component of dark matter [16] .
We are only beginning to understand the quantum physics of black holes, but in this still speculative field the Ashtekar-Olmedo-Singh result gives us a welcome fixed point: loop gravity predicts that the interior of a black hole continues into a white hole.
The importance of any progress in this field goes beyond understanding black holes. The center of a black hole is where our current theory of spacetime, as of now given by Einstein's general relativity, fails. Understanding the physics of this region would mean understanding quantum space and quantum time.
